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Introduction
The incorporation of fluorine atoms into pharmaceutical candidates is a wellestablished approach to, for example, affect lipophilicity, pKa and metabolic stability of new chemical entities as part of drug discovery programs [1] . While many pharmaceuticals bearing fluorine atoms attached to aromatic rings are currently commercially available, lead compounds with fluorine atom attached to sp3 carbon are increasingly appearing in pharmaceutical company pipelines [2] and, consequently, effective and inexpensive methodology for the synthesis of selectively fluorinated multifunctional building blocks for incorporation into drug synthesis campaigns are very desirable. However, the building block approach relies on the ready availability of a wide range of inexpensive fluorinated substrates of differing functionality and the establishment of appropriate reactivity profiles [3] .
Recently, we reported the optimized synthesis of 2-fluoromalonate esters by a direct fluorination strategy [4] which is very efficient, inexpensive, does not generate significant waste and is readily scalable. Analogous selective direct fluorination routes using fluorine gas to corresponding 2-fluoro-ketoesters [5] have also been developed and scaled up by industry [6] . Surprisingly, however, reactions of 2-fluoro malonate ester and 2-fluoro-ketoester derivatives are not particularly well developed despite the anticipated synthetic potential of these polyfuctional substrates and we recently reviewed the chemistry of fluoromalonate substrates to indicate some of the synthetic utility of these systems [7] . For example, in the context of developing the use of dimethyl 2-fluoro-malonate ester for the synthesis of more structurally complex fluorinated intermediates, we established routes to various fluoroheterocyclic systems [8] .
In this paper, we describe the use of 2-fluoro-ethylacetoacetate 1 and dimethyl 2-fluoromalonate ester 2 in multi-component (MCR) Mannich reactions. The first reported MCR was the Strecker synthesis of the α-amino nitrile in 1850 [9] [4] and since then, MCR chemistry has been extensively developed. Well-known examples of MCRs are associated mainly with reactions of carbonyl compounds, used as substrates in the Biginelli reaction, the Hantzsch dihydropyridine synthesis and, particularly, Mannich-type reactions [10] giving rapid access to large libraries of molecules possessing a high degree of functionality and structural diversity.
However, while carbonyl compounds have played a crucial role in the development of multi-component reactions, use of corresponding fluorinated carbonyl compounds have been much less investigated as MCR substrates. Applications of Mannich-type reactions utilizing fluorinated carbonyl substrates have been reported previously [11] such as, for example, the synthesis of β-fluoronitro(phenylsulfonyl)ethylamines from fluoro-ketosulfone substrates described by Prakash and Olah [12] . Of particular relevance to the research reported here, Zhang and coworkers developed a Mannich reaction involving various fluoro-ketoesters catalyzed by zinc nitrate and irradiated by microwave at high temperature [13] .
Here we use 2-fluoroethylacetoacetate 1 and dimethyl 2-fluoromalonate ester 2 as MCR components in Mannich reactions involving formaldehyde or benzaldehyde and different types of amines as educts to give polyfunctional fluorinated products bearing amine and carbonyl functionalities by both batch and continuous flow protocols in simple, scalable reaction processes.
Results and discussion
In initial studies we investigated reactions of 2-fluoro-ethylacetoacetate 1 with an amine 3 and formaldehyde in multi component Mannich-type processes (Table 1) .
Reactions were carried out by first mixing both amine 3 and formalin together before addition of the fluorinated dicarbonyl substrate 1 in order to limit the formation of any alcohol by-product by Aldol condensation. Our optimized conditions were found to be 1.7 equivalents of amine 3 and 1.5 equivalents of formaldehyde, stirred together for two hours at room temperature, preceding the addition of the 2-fluoroethylacetoacetate 1 and further reaction at room temperature. Reactions involving less reactive amines such as benzylamine were carried out at 90°C, providing the corresponding Mannich products 4 in full conversion. Analogous reactions between 2-ethyl 2-fluoro-acetoacetate 1 with an amine 3 and benzaldehyde were also performed in high yields (Table 2) .
During the course of this work, related Mannich reactions of fluorinated 1,3-dicarbonyl compounds catalyzed by Zn(NO3)2 using microwave irradiation at 120 o C were reported [13] . However, the method we have described above does not require such vigorous heating and allows access to various products from, for example 5b and 5c, which reportedly cannot be obtained by the zinc nitrate catalyzed method [13] . Furthermore, Mannich reactions of fluoromalonate ester 2 were not described using the zinc catalyzed method. with amine/formaldehyde mixtures in a one-step liquid-liquid flow process, we adapted our synthetic procedure described above to a two-step gas-liquid, liquidliquid semi-continuous flow process using stainless steel coiled tube reactors ( Fig. 1) that we have described previously [18] . 
Experimental

General
All the chemicals and solvents used were commercially purchased from Alfa Aesar, Apollo Scientific, Fluorochem or Sigma Aldrich and, unless otherwise stated, were
used without any further purification. 1,3-Dimethyl-2-fluoromalonate was synthesized as described previously [4c].
Proton, fluorine and carbon nuclear magnetic resonance spectra ( 1 H, 19 F, 13 
Mannich-type reaction by conventional batch process.
General procedure: In a 50 mL two-necked flask containing dichloromethane (10 mL) were added the amine (17 mmol) followed by the aldehyde (15 mmol) and the resulting reaction mixture was allowed to stir at rt for 2 h., before the fluorinated dicarbonyl system (10 mmol) was added. The reaction mixture was stirred at rt for 16 h, evaporated and the residue dissolved in dichloromethane (20 mL), washed with distilled water (2 x 20 mL), dried over magnesium sulfate and evaporated, to give the desired product. Further purification by distillation or column chromatography eluting from hexane/ethyl acetate was carried out when appropriate.
Analytical and spectroscopic data for each individual compound are listed below. For NMR data only resonances of one diastereoisomer or conformer is given for clarity.
Mannich reactions of 2-Fluoro ethylacetoacetate and formaldehyde
Ethyl-2-((benzylamino)methyl)-2-fluoro-3-oxobutanoate 4a 
Ethyl-2-(piperidin-1-methyl)-2-fluoro-3-oxobutanoate 4e
1 H NMR (400 MHz, CDCl3) 
Ethyl-2-((benzylmethylamino)methyl)-2-fluoro-3-oxobutanoate 4f
1 H NMR (400 MHz, CDCl3) δH 1.30 (t, J = 7. The synthetic conditions developed above were then applied to reactions between dimethyl 2-fluoro-malonate ester 2 and a range of amines 3 ( Table 3) , resulting in analogous products 6 but in lower yield reflecting the lower nucleophilicity of the diester substrate.
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